High dietary protein imposes a metabolic acid load requiring excretion and buffering by the kidney. Impaired acid excretion in CKD, with potential metabolic acidosis, may contribute to the progression of CKD. Here, we investigated the renal adaptive response of acid excretory pathways in mice to highprotein diets containing normal or low amounts of acid-producing sulfur amino acids (SAA) and examined how this adaption requires the RhCG ammonia transporter. Diets rich in SAA stimulated expression of enzymes and transporters involved in mediating NH 4 + reabsorption in the thick ascending limb of the loop of Henle. The SAA-rich diet increased diuresis paralleled by downregulation of aquaporin-2 (AQP2) water channels. The absence of Rhcg transiently reduced NH 4 + excretion, stimulated the ammoniagenic pathway more strongly, and further enhanced diuresis by exacerbating the downregulation of the Na + /K + /2Cl 2 cotransporter (NKCC2) and AQP2, with less phosphorylation of AQP2 at serine 256. The high protein acid load affected bone turnover, as indicated by higher Ca 2+ and deoxypyridinoline excretion, phenomena exaggerated in the absence of Rhcg. In animals receiving a high-protein diet with low SAA content, the kidney excreted alkaline urine, with low levels of NH 4 + and no change in bone metabolism. Thus, the acid load associated with high-protein diets causes a concerted response of various nephron segments to excrete acid, mostly in the form of NH 4 + , that requires Rhcg. Furthermore, bone metabolism is altered by a high-protein acidogenic diet, presumably to buffer the acid load.
The kidney is the central organ that excretes acid and replenishes bicarbonate buffer used by metabolism. 1, 2 The importance of the kidney in acid-base balance is demonstrated by inherited and acquired renal diseases, reducing its ability to excrete acid and reabsorb and synthesize bicarbonate (HCO 3 2 ). [3] [4] [5] Recent studies suggest that the progression of CKD is delayed by alkalinizing therapies aiming to reduce the metabolic acidosis occurring with the disease. [6] [7] [8] [9] [10] In a Western diet, protein intake exceeds by up to 50% the recommended average daily consumption of 0.8 g of protein per kg per day; most protein is from animal sources, which are rich in sulfurcontaining acidogenic amino acids. 11, 12 Diets high in animal protein have gained additional popularity in the context of obesity and its treatment. 13, 14 Adverse effects of high protein intake on many organs have been described. Whether high-protein diets negatively affect bone or kidney function has remained an open question. [15] [16] [17] [18] [19] [20] [21] [22] [23] In kidney disease, high animal protein may accelerate decay of renal function; thus, current protocols strongly suggest that patients with CKD reduce animal protein intake. [24] [25] [26] Dietary protein intake and its metabolism can provide a major acid load, but the metabolic acid load depends on the nature and composition of proteins. Proteins rich in sulfur-amino acids (SAA;
i.e., cysteine and methionine) release protons (H + ) and sulfate (SO 4 22 ) during metabolism and cause increased renal acid and NH 4 + excretion paralleled by high urinary SO 4 22 and urea removal. 27, 28 Plant proteins, such as soy protein, contain only small amounts of SAA and consequently cause a milder acid or even alkaline load. 19, 29, 30 The acid content of a high-protein diet has been linked to the development of tubular-interstitial injury secondary to augmented intrinsic acid production provoked by endothelin-stimulated enhanced aldosterone activity. 29, 31, 32 The renal ammonia (NH 3 ) transporter RhCG is critical to eliminate NH 4 + and maintain systemic acid-base balance. [33] [34] [35] [36] RhCG is localized in most cells along the collecting duct and mediates basolateral uptake of NH 3 and final excretion into urine. Its expression is stimulated by acidosis in mice, and Rhcg becomes rate-limiting for urinary NH 4 + excretion during strong acid loads (NH 4 Cl or HCl loading). 33, [36] [37] [38] Here we examined the effect of high-protein diets containing acidogenic SAA (casein diet) or those almost devoid of these amino acids (soy protein diet) on renal mechanisms mediating ammoniagenesis and excretion of the acid load. Our data demonstrate a concerted response of various nephron segments to eliminate the metabolic acid load, the requirement of Rhcg-mediated NH 4 + excretion, and effects on bone. Together, these data provide a molecular explanation for the stimulation and requirement of renal acid excretion.
RESULTS

Diet High in Casein Protein Induces a Transient Acid Load That Rhcg
2/2 Mice Can Excrete Metabolic measures and acid-base status were assessed in Rhcg +/+ , Rhcg +/2 , and Rhcg 2/2 mice receiving a normal diet (basal status with 20% protein), acid-loading high casein (HC) protein diet, or non-acid-loading high soy control protein diet (HS) containing high or low SAA, respectively. Fifty percent of HC or HS diets were provided either as casein or soy protein, but the diets were otherwise isocaloric and identical in their composition. The HC but not the HS diet was associated with slightly reduced food intake ( Table 1, Supplemental Table 1 ). However, no difference was found in food and water intakes among the three different genotypes at any time points measured and under all three types of diet (normal, HC, and HS) ( Table 1, Supplemental Table 1) . Baseline blood and urine variables (Table 1, Supplemental Tables 1-4) were similar among all three genotypes. A transient decrease in blood pH and HCO 3 2 after 2 days of the HC diet ( Figure 1 , A and B), but not the HS diet (Supplemental Figure 1, A and B) , was identically observed in Rhcg +/+ , Rhcg +/2 , and Rhcg 2/2 , confirming the acid-loading effect of the HC diet. The HC diet did not alter urinary pH but stimulated excretion of titratable acidity, most likely in the form of phosphate (Table 1, Supplemental Table 3) to a similar extent in all three genotypes ( Figure 1, C and D) . In contrast, the HS diet did not alter blood pH or HCO 3 2 but led to a profound alkalinization of urine pH and a decrease in the urinary excretion of titratable acids (Supplemental Figure 1C , Supplemental Table 1 ). Urinary NH 4 + excretion was markedly increased in the HC groups whereas it decreased in the HS groups (Table 1, Supplemental Table 1 , Figure 1E , Supplemental Figure 1D ). Rhcg deletion delayed the increase in urinary NH 4 + excretion in response to the HC acid challenge ( Figure  1E ). At days 2 and 4 of the HC diet, respectively, Rhcg 2/2 exhibited a 38.5%60.1% and 41.4%60.1% decrease in excreted urinary NH 4 + compared with Rhcg +/+ mice (Table 1) . At day 9, Rhcg 2/2 adapted to the HC diet acid load and excreted similar amounts of NH 4 + , as did Rhcg +/+ mice. The HS diet did not induce any difference in urinary NH 4 + excretion in all three genotypes (Supplemental Figure 1D ). Taken together, these data confirm that a diet containing high amounts of SAA causes a metabolic acid load and demonstrate that its elimination depends partially on the presence of the ammonia transporter Rhcg.
HC Diet Stimulates Ammoniagenesis in the Proximal Tubule
To assess the proximal tubule response to the HC diet, we studied the regulation of key molecules involved in NH 4 + production and excretion ( Figure 2 , A-D, Supplemental Figures 2-4) . The HC diet caused a transient increase in Rhcg mRNA, whereas Rhbg mRNA was not altered in Rhcg +/+ and Rhcg 2/2 kidneys (Supplemental Figure 2 ). Four days of the HC diet induced a transient increase in system N/A transporter 3 (SNAT3) and phosphatedependent glutaminase (PDG) mRNA levels compared with normal diet ( Figure 2 , A and C). SNAT3 protein levels were also higher after 4 days of the HC diet, while PDG showed a higher protein expression at day 9 of the HC diet ( Figure 2 , B and D). Cytosolic phosphoenolpyruvate carboxykinase (PEPCK) and sodium-hydrogen exchanger 3 (NHE3) protein abundance remained unchanged in Rhcg +/+ during HC treatment (Supplemental Figure 3 , A and B). To test whether the delayed adaption to HC diet acid load observed in Rhcg 2/2 mice could be partly explained by an adaptive enhanced NH 4 + production, we compared SNAT3, NHE3, PDG, and PEPCK mRNA and protein abundances in all three groups of mice after 4 and/or 9 days of the HC diet. NHE3 and PEPCK mRNA and protein expression levels were similar among all three genotypes (Supplemental Figure 3, C-H) . However, at day 4 of the HC diet, both Rhcg +/2 and Rhcg 2/2 increased mRNA and protein expression of SNAT3 compared with Rhcg +/+ (Figure 2 , A, B, E, and F). PDG mRNA and protein were higher in Rhcg 2/2 than Rhcg +/+ (Figure 2, C , and Rhcg 2/2 mice after 4 and 9 days of the HC diet revealed two opposite regulations of the protein during HC treatment. NKCC2 levels were higher in Rhcg +/2 and Rhcg 2/2 after 4 days ( Figure 3A ) but were lower in Rhcg 2/2 after 9 days ( Figure  3B ). NH 4 + tissue content in the cortex, outer medulla, and inner medulla followed NKCC2 expression. At day 4 of the HC diet ( Figure 3 , C and D), both Rhcg +/2 and Rhcg 2/2 accumulated more NH 4 + in the inner medulla than did Rhcg +/+ (25.2%60.1% for Rhcg +/2 and 29.9%60.1% for Rhcg 2/2 ). In contrast, at day 9 of the HC diet ( Figure 3D ), Rhcg 2/2 had lower inner medullary NH 4 + content than did Rhcg +/+ (237.0%60.1%). Thus, the adaption of Rhcg-deficient mice to a high-SAA diet involves regulation of the NKCC2 cotransporter and affects accumulation of NH 4 + in the medullary interstitium.
HC Diet Stimulates Diuresis and Downregulates NKCC2 and AQP2
Besides its role in NH 4 + reabsorption, NKCC2 functions in the countercurrent mechanism establishing the cortico-papillary osmotic gradient required for water reabsorption along the collecting duct. The HC diet induced diuresis in all three genotypes ( Figure 4E , Table 1 ), whereas diuresis was lower in animals receiving the HS diet despite quantitatively similar urea excretion (compare Table 1 with Supplemental Table 1 ). We measured NKCC2 and collectingduct AQP2 protein expression levels in animals ( Figure 4 , C and D) at 0, 4, and 9 days of the HC and HS diets. NKCC2 and AQP2 were downregulated by the HC diet in both genotypes, with reduced NKCC2 expression in Rhcg wild-type after 4 and 9 days of the HC die ( Figure 4A ) and after 9 days in Rhcg 2/2 mice ( Figure 4C ). Similarly, AQP2 levels were lower after 9 days of the HC diet in Rhcg +/+ and Rhcg excreted more urine than their littermates (5.760.5 versus 4.560.3 ml/24 hours after 9 days of the HC diet; P#0.01) ( Figure 4E ), we tested whether the active phosphorylated form of AQP2 (pSer256-AQP2) was altered in Rhcg 2/2 mouse kidneys. The total abundance of mature pSer256-AQP2 (35-kDa band) was reduced, as well as the ratio of phosphorylated AQP2 over total AQP2 ( Figure 4F ). In animals receiving the HS diet, NKCC2 and AQP2 were not regulated (Supplemental Figure 4) . In summary, a high-SAA diet stimulates diuresis by downregulating NKCC2 and AQP2, an effect amplified in Rhcg 2/2 mice.
HC Diet Stimulates Bone Resorption Exaggerated by Absence of Rhcg
Two days of the HC diet caused a transient increase in ionized blood Ca 2+ levels in both Rhcg +/+ and Rhcg 2/2 animals but significantly higher increases in Rhcg 2/2 mice. In contrast, Ca 2+ levels remained higher in Rhcg 2/2 mice and returned to normal only on day 9 ( Figure 5A ). Urinary Ca 2+ excretion was also transiently increased in both genotypes at days 2 and 4 of the HC diet, with significantly higher urinary Ca 2+ levels in Rhcg
at day 4 ( Figure 5B ). To investigate bone remodelling, we measured urinary deoxypyridinoline (Dpd) excretion, a marker of bone resorption and plasma concentration of osteocalcin, a marker of bone formation ( Figure 5 , C and D). Dpd levels were elevated after 4 days of the HC diet in Rhcg +/+ and Rhcg
2/2
and remained higher in Rhcg 2/2 after 9 days of the HC diet. Plasma osteocalcin levels did not significantly differ during the treatment or between the two groups, suggesting that increased bone formation does not compensate for bone resorption in Rhcg +/+ and Rhcg 2/2 mice. To further evaluate the direct effect of an acidogenic highprotein diet on bones, we measured tissue mineral density (TMD) of the midcortical region of femurs collected after 9 days of the HC diet ( Figure 6, A and B) . Micro-computed tomography (micro-CT) scans were analyzed by comparing TMD of a deep bone layer mineralized before the HC diet period and were therefore not influenced by the acidogenic protein load (layer 12) with TMD of a more superficial layer close to the periosteum, which contained bone formed during the HC diet (layer 2) ( Figure 6A) . Surprisingly, TMD of layer 12 in Rhcg 2/2 mice (diet independent) was higher than the corresponding layer in femurs from Rhcg +/+ mice (1267.5 mhHA/cm 3 . However, the difference between genotypes was no longer detected in layer 2 (formed during the HC diet) (917.4 mhHA/cm 3 versus 944.8 mhHA/cm 3 ; P$0.05) ( Figure 6B ). Cortical mineral content was not affected by the HS diet (data not shown). Moreover, no difference was detected in the standard morphometric measures, suggesting that all bones had similar size, shape, and internal microarchitecture (Supplemental Table 5 ).
DISCUSSION
In the current study, we examined the effect of an acidogenic high-protein diet on the renal adaption through acid excretion. We compared two different diets with high protein content (50%) containing normal levels of SAA (casein protein) or low levels of these amino acids (soy protein). Intake of these diets was similar in all groups, as evident from total food intake and total urinary urea excretion. 39 The dietary content of SAA is reflected by the much higher excretion of SO 4 22 in urine among the animals ingesting the casein diet. On the basis of this animal model, we find that the kidney adapts to the high-SAA diet with a parallel response of various nephron segments: (1) stimulated NH 4 + excretion and increased expression of key molecules of the ammoniagenic pathway in the proximal tubule; (2) reduced expression of the NKCC2 cotransporter; (3) increased diuresis and downregulation of the AQP2 water channel; (4) loss of bone TMD; and (5) all processes being dependent on the ammonia transporter Rhcg, as evident from reduced ammonium excretion, exaggerated induction of ammoniagenic molecules, enhanced diuresis, and downregulation of NKCC2 and AQP2, and more severe effects on bone remodeling.
Intake of high protein in the form of casein caused an increased urinary NH 4 + and titratable acid excretion and a transient decrease in blood pH and HCO 3 2 , indicating the metabolic acid load and the kidneys' ability to adapt. In contrast, a diet high in soy protein reduced the dietary acid load as urinary NH 4 + and titratable acid excretion decreased and urinary pH became more alkaline. Interestingly, titratable acid excretion increased strongly with the SAA diet and remained high. This is in contrast to findings in humans and rodents provided with an acid load in the form of NH 4 Cl or HCl, respectively, where most acid is excreted in the form of ammonium. 36, 40, 41 These differences may be due in part to different types of acid loading.
The increased acid excretion found in animals fed a diet high in acidogenic protein was paralleled on the molecular level by stimulation of expression of the glutamine transporter SNAT3 and the phosphate-dependent glutaminase in the proximal tubule. The regulation of SNAT3 by high protein intake had been reported previously. 42 In contrast, PEPCK, fueling a-keto-glutarate from ammoniagenesis into gluconeogenesis, was decreased during the HC diet in Rhcg +/+ kidneys, suggesting a decrease in renal gluconeogenesis. In rat liver, PEPCK is stimulated by high protein intake, which might indicate that high casein intake induces specifically renal ammoniagenesis and favors hepatic over renal gluconeogenesis. 43 The response of the collecting duct system to high protein intake has been previously described, mostly on the basis of functional experiments demonstrating increased H + and NH 4 + secretion. 31, 32 Consistently, mice receiving an HC diet excreted high amounts of NH 4 + into urine. Rhcg mRNA abundance increased transiently (day 4) at the time when Rhcg 2/2 mice showed decreased urinary ammonium excretion. This finding suggests that Rhcg may be directly regulated and mostly needed during the earlier phase of adaption. Similarly, during NH 4 Clinduced acidosis, Rhcg protein abundance is increased and staining enhanced at the luminal and basolateral membrane, suggesting that Rhcg is regulated at different levels. 44, 45 Rhbg mRNA was not regulated, consistent with previous data from NH 4 Cl-loaded mice and a less important role of Rhbg in renal ammonium excretion. [45] [46] [47] This later process along the collecting duct requires the formation of a NH 4 + gradient from medullary interstitium into urine, which is generated at least in part by the reabsorption of NH 4 + by the NKCC2 cotransporter in the thick ascending limb of the loop of Henle. This transporter is stimulated by acidosis induced by NH 4 Cl feeding. [48] [49] [50] [51] In contrast, the HC diet led to progressive decreases in expression of NKCC2 without disturbing medullary NH 4 + accumulation. The renal adaption to the HC diet was impaired in the absence of Rhcg. Rhcg 2/2 mice had a delayed increase in urinary NH 4 + excretion and required a stronger and more sustained increase in PDG and SNAT3 expression, all indicating highly stimulated ammoniagenesis. Furthermore, NKCC2 expression was even more decreased than in wild-type animals and medullary NH 4 + accumulation was impaired in the inner medulla.
High protein diets, such as casein and soy, stimulated diuresis in animals, but casein produced a stronger diuresis than did the soy diet. Increased excretion of urea from hepatic protein metabolism may be partly responsible for the diuresis causing an osmotic driving force. The acid content of the HC diet, however, probably provides an additional stimulus because mice receiving the acidogenic casein diet had higher diuresis despite almost identical urea excretion. Indeed, feeding mice or rats with NH 4 Cl causes similar diuresis. 52, 53 Here we found that diuresis was accompanied by a progressive reduction in AQP2 water channel expression. Rhcg 2/2 mice excreted even higher urine volumes than did Rhcg +/+ animals. NKCC2 and AQP2 were not regulated in mice receiving the HS diet, demonstrating that high protein per se does not regulate these proteins. Moreover, phosphorylation of AQP2 at serine 256, critical for the regulated insertion and activity of the channel in the membrane, was reduced in Rhcg 2/2 mice. This finding suggests that increased diuresis may be part of a compensatory mechanism. Thus, the more pronounced reduction in NKCC2 expression and reduced insertion of AQP2 at the plasma membrane would allow Rhcg 2/2 mice to excrete the NH 4 + formed in the proximal tubule by shunting the medullary interstitium passage and diluting and excreting the NH 4 + load in the thick ascending limb and collecting duct. The time course of achieving similar rates of urinary ammonium excretion and stronger downregulation of NKCC2, reduced medullary ammonium accumulation, and lower AQP2 expression is similar, possibly indicating a concerted compensatory mechanism. We speculate that several hormones might be involved in mediating the effect of the HC diet on NKCC2 and AQP2. Among them, aldosterone, endothelin 1, prostaglandin E 2 , and atrial natriuretic peptide are increased by high-protein diets. 32, 54, 55 Atrial natriuretic peptide and prostaglandin E 2 reduce AQP2 expression and NKCC2 function. 56, 57 In addition, endothelin 1 and aldosterone may reduce NKCC2 expression and function via a nitric oxide, cyclic guanosine monophosphate, and phosphodiesterase-2-dependent mechanism.
Whether high protein intake has a negative effect on bone is controversial, and the positive or negative impact may depend on the type of protein, the content of minerals, and the content of carbohydrates (e.g., whether diets are ketogenic). [21] [22] [23] Acidosis has significant adverse effects on bone, stimulating osteoclast activity, increasing demineralization, and finally leading to loss of bone mineral density and stability. 58, 59 The HC diet stimulated bone degradation in Rhcg 2/2 , as evident from the increased urinary excretion of Dpd. Moreover, bone TMD was lower in a layer (layer 2) close to the bone surface containing newly formed bone, and no difference among genotypes could be detected. In wild-type animals, Dpd levels increased only transiently, whereas in Rhcg 2/2 mice, Dpd remained elevated, consistent with increased bone degradation; this possibly contributes to the compensation of reduced NH 4 + excretion. Surprisingly, no evidence was found for higher osteoblast activity, reflected by constant osteocalcin levels. This finding suggests that the HC diet would eventually cause a small net loss of bone. Indeed, elevated urinary Ca 2+ was paralleled with Dpd levels, indicating that this calcium load may at least in part originate from bone. However, effects of acidosis on calcium binding to albumin could also contribute to hypercalciuria and hypercalcemia, as well as stimulation of intestinal calcium absorption during acidosis. 60 Consumption of an acidogenic HC diet was paralleled by a loss of difference between higher bone TMD in Rhcg 2/2 animals and lower TMD in wild-type animals. Whether the lower TMD in the younger layer is only an age-dependent effect or may be influenced by the acidogenic HC diet remains to be clarified. The higher TMD found in the deeper bone layer of Rhcg 2/2 suggests that Rhcg deletion might influence bone development toward a higher density. Expression of Rhcg has not been reported for bone, indicating that differences in TMD are rather the consequence of absent Rhcg function in other organs. Thus, the effects of HC diets and absence of Rhcg may be subtle in our data set but reflect only dietary changes over a very short period (9 days); longer exposure to HC-like diets may have more pronounced effects, which must be addressed in future studies.
In summary, we demonstrate that the kidney responds to acidogenic high-protein diets with increased ammoniagenesis and NH 4 + excretion, and deciphers the transport pathways contributing to this adaptive response. The renal ammonium transporter Rhcg is critical for the adaption. Its absence or reduced activity in inherited or acquired kidney disease may contribute to metabolic acidosis and bone degradation, and eventually may be fed back on the kidney, contributing to the progression of kidney disease.
CONCISE METHODS
Animals
Mice were genotyped by PCR directly on a 3-ml 25 mM NaOH ear biopsy digestion product. Genomic DNA was amplified using primer pairs specific for exon 1: forward (AGACCCCACAATGGAAAGCTA-TAA), Rhcg +/+ reverse (CAACCAGAACTCCCCAGTGTCAGA), and Rhcg 2/2 reverse (ATGGGCTGACCGCTTCCTCGTGCTTTAC). 36 The products were separated by electrophoresis on 1% agarose gels (mutant product: 522 bp, wild-type product: 376 bp). Heterozygous mice were mated to generate mice of all genotypes. All animal experiments were conducted according to Swiss Laws of Animal Welfare and approved by the local Zurich Veterinary Authority (Kantonales Veterinäramt Zürich).
Metabolic Cage Studies
All experiments were performed using age-matched male Rhcg wildtype (Rhcg +/+ ), Rhcg knockout (Rhcg 2/2 ), and Rhcg heterozygous (Rhcg +/2 ) littermate mice (3-4 months old), housed in standard or metabolic cages (Tecniplast, Buguggiate, Italy). Mice were given deionized water and were fed a standard powdered laboratory chow ad libitum (Kliba, Kaiseraugst, Switzerland). Mice were allowed to adapt to metabolic cages for 2 days; then, one 24-hour urine sample was (E). Mature pSer256-AQP2 showed decreased abundance at day 9 in Rhcg 2/2 , and the ratio of pSer256-AQP2 over total AQP2 was reduced in Rhcg 2/2 (F). Values are mean6SEM (n=4-8 mice). # P#0.05 significantly different from same genotype under control conditions (day 0); *P#0.05, **P#0.01; ***P#0.001 significantly different from Rhcg +/+ mice under same treatment conditions and for the same time point.
collected under light mineral oil in urine collectors to determine daily urinary measures. Mice were then allowed to recover for 2 days in standard cages and were given a high-protein diet (50% casein or 50% soy) (Ssniff Spezialdiaeten GmbH, Soest, Germany) for 9 days. Four 24-hour urine samples were collected during the 9 days of the highprotein diet. Water and food intake and urine excretion were monitored at baseline and during 9 days of high-protein treatment. Blood was collected from the retroorbital plexus under isofluran anesthesia and analyzed in a Radiometer ABL 505 blood gas analyzer (Radiometer, Copenhagen, Denmark). Urinary pH was measured directly after collection using a pH microelectrode (691 pH meter; Metronohm). Urinary electrolytes concentrations were measured by flame photometry (IL943; Instruments Laboratory), and titratable acid was measured using a DL 50 titrator (Mettler Toledo 36 ). Urinary NH 3 / NH 4 + and creatinine were assessed using the Berthelot and Jaffe methods, respectively. 61,62 Urinary SO 4 22 was measured by ion exchange chromatography using an IonPac AS 11 analytical column on a Dionex DX-600 HPLC system (Dionex, Olten, Switzerland 
RNA Extraction and Reverse Transcription
Snap-frozen kidneys (eight or five half kidneys for each condition, 9 days of diet or 4 days of diet, respectively) were homogenized in RLT-Buffer (Qiagen, Basel, Switzerland) supplemented with b-mercaptoethanol to a final concentration of 1%. Total RNA was extracted from 200-ml aliquots of each homogenized sample using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. Quality and concentration of the isolated RNA preparations were analyzed on the NanoDrop ND-1000 spectrophotometer (Wilmington, DE). Total RNA samples were stored at 280°C. Each RNA sample was diluted to a final concentration of 100 ng/ml, and cDNA was prepared using the TaqMan Reverse Transcription Reagent Kit containing 103 RT buffer, MgCl 2 , random hexamers, deoxyribonucleotide triphosphates, Rnase inhibitors, and Multiscribe reverse transcription enzyme (Applied Biosystems/Roche, Foster City, CA). Reverse transcription was performed with the Biometra TGradient thermocycler (Goettingen, Germany), with thermocycling conditions set at 25°C for 10 minutes, 48°C for 30 minutes, and 95°C for 5 minutes.
Real-Time Semi-Quantitative PCR
Relative mRNA expression was determined using semi-quantitative real-time RT-PCR using the Applied Biosystems 7500 Fast Real-Time PCR system. Thermocycling conditions consisted of denaturation (95°C; 10 minutes) followed by 40 cycles of denaturation at 95°C for 15 seconds and annealing/elongation (60°C; 60 seconds) with auto ramp time. All reactions were run in triplicate. Forward and reverse primers and probe concentrations were 25 mM and 5 mM, respectively. TaqMan Universal PCR master mix 23 (Applied Biosystems/Roche) was used as the Taq polymerase. Primers and probes for SNAT3, PDG, NHE3, PEPCK, NKCC2, and hypoxanthine-guanine phosphoribosyltransferase (HPRT) were generated using Primer Express software from Applied Biosystems and synthesized at Microsynth (Balgach, Switzerland) as described previously. 36, 63 Probes were generated with the reporter dye FAM at the 59 end and carboxytetramethylrhodamine at the 39 end. Reactions were run in triplicates, including a negative control (without Multiscribe reverse transcription enzyme). The cycle threshold (Ct) values obtained were ultimately compared with Ct values of the endogenous gene HPRT. Relative mRNA expression ratios were calculated as follows: where Ct represents the cycle number at threshold 0.02.
Immunoblotting
Crude total membrane proteins or cytosolic fractions were obtained from kidneys homogenized in 250 mM sucrose, 10 mM Tris-HCl, pH 7.5, and in the presence of protease inhibitors (complete ULTRA tablets; Roche, Rotkreuz, Switzerland). Forty micrograms of crude membrane proteins or cytosolic proteins were solubilized in loading buffer containing dithiothreitol (2 M) and separated on 5%-10% polyacrylamide gels. For immunoblotting, proteins were transferred electrophoretically to polyvinylidene fluoride membranes (Immobilon-P; EMD Millipore, Bedford, MA). After blocking with 5% milk powder in Tris-buffered saline-0.1% Tween-20 for 60 minutes, membranes were incubated with rabbit polyclonal anti-SNAT3 (diluted 1:1000), 63 
Measurement of Renal Ammonium Content
Renal tissue ammonium content was measured by an enzymatic technique (Sigma-Aldrich; Ammonia Assay Kit) as previously described. 36 Mice were anesthetized and kidneys removed and immediately frozen in liquid nitrogen. Kidneys were then sliced frozen to yield a column of tissue, which extended from the cortex to the tip of the papilla. Sections were cut along the corticomedullary axis to yield three slices: cortex, outer medulla, and inner medulla. Two kidneys were pooled for each sample. Tissue slices were then homogenized in 300 ml of ice-cold 7% trichloroacetic acid, and the solution was centrifuged. The supernatant was drawn off and the pH of a 250-ml sample was adjusted to near neutral by the addition of 12 ml of 10 mM Na 2 HPO 4 in 9 N NaOH. A 200-ml sample of buffered supernatant was then analyzed for ammonium concentration. The pellet was resuspended in 1 N NaOH, shaken overnight, and analyzed for total protein concentration using the Bio-Rad protein assay (Bio-Rad, Hercules, CA).
Micro-CT Imaging and Quantitative Analysis
Whole femurs of five Rhcg +/+ and five Rhcg 2/2 were scanned with a desktop micro-CT (mCT40; Scanco Medical, Brüttisellen, Switzerland) operated at 55 kVp and 145 mA. The samples were scanned with the long axis perpendicular to the beam direction and using an integration time of 300 milliseconds and a frame averaging of 3, resulting in a total scanning time of approximately 5.1 hours per sample. Before image reconstruction, a voltage-specific third-order polynomial correction 52 provided by the manufacturer was applied to minimize the influence of beam hardening. The reconstructed scans had a nominal isotropic resolution of 10 mm. A three-dimensional Gaussian filter (sigma 0.8, support 1) was applied to reduce the noise present in the images, and the gray levels of the scans were then transformed into TMD by using the manufacturer calibration record based on a phantom of 1200 mg HA/cm. 3, 64 The micro-CT scanner was calibrated weekly for mineral equivalent value and monthly for determining in-plane spatial resolution. All measurements and analyses were performed according to the guidelines for assessment of bone microstructure in rodents using micro-CT. 65 Standard three-dimensional morphometric measures were computed for full, cortical, and trabecular bone as described elsewhere. 66 TMD was evaluated in the cortical bone compartment having a size of 30% of the total femoral length by averaging the TMD values in different layers having the same distance to the bone surface, according to a recently developed layer analysis. 67 Specifically, we analyzed the TMD in layer 2 (i.e., close to the bone periosteal surface and hence affected by diet) and in layer 12 (i.e., far from the bone surface and thus not affected by diet).
Statistical Analyses
Statistical comparisons were tested by ANOVA (one-way, NewmanKeuls multiple comparison test) and unpaired t test using GraphPad Prism (GraphPad Software). P values ,0.05 were considered to represent statistically significant differences.
